Both TbFeCo and TbFeCo-SiO 2 films were prepared by magnetron sputtering. At a film thickness of less than 75 nm, TbFeCo-SiO 2 films have coercivity and perpendicular magnetic anisotropy larger than those of TbFeCo films and vice versa at a film thickness of more than 75 nm. This phenomenon can be attributed to enhancement in the degree of preferred orientation of TbFeCo grains. For these two series of samples, the magnetization reversal process is accompanied by the combination of pinned domain wall motion (DWM) and domain rotation. The weak pinning of DWM cannot be excluded.
Introduction
Among amorphous rare-earth transition metal (RE-TM) alloys, TbFeCo films have been considered promising candidates for ultra-high density perpendicular magnetic recording media because of their strong perpendicular magnetic anisotropy (PMA). Many attempts have been made to improve the performance of TbFeCo films [1] [2] [3] . For example, the doping of 2-3at% Nb into TbFeCo may enhance the reliability of TbFeCo films [2] . In order to explore the mechanism of and enhance the PMA, various additives have been doped into TbFeCo films [1] . For most additive materials, the PMA is found to decrease seriously, which was argued to arise from serious structural deterioration. It is noted that in most of the previously reported results, additives are doped in the form of substitution. Therefore, experiments of doping clusters into TbFeCo films might be helpful to explore the effect of additives on magnetic properties of TbFeCo films.
In magnetic recording media, large exchange coupling between grains causes the medium noise and hinders enhancement of the storage density because strong exchange interaction makes large zigzag transition area between neighbouring bits.
In order to suppress the exchange coupling, magnetic granular films with non-magnetic oxide matrix are widely used as perpendicular magnetic recording media [4] . Several attempts have been made to demonstrate that the formation of the magnetic pinning sites changes the magnetization reversal process and enhances the resolution of magnetic recording [5] [6] [7] . In this work, we demonstrate that doping of SiO 2 into TbFeCo films is helpful to enhance PMA. In particular, the PMA in TbFeCo films is proved to be strongly related to the preferred orientation of TbFeCo grains.
Experiments
Tb 19 Fe 69 Co 12 (TbFeCo) and TbFeCo-SiO 2 films were fabricated on either glass or Si substrates by co-sputtering at ambient temperature. For microstructure characterization, the films were also fabricated on Si substrates and found to have magnetic properties close to the films on the glass substrates. SiO 2 and TbFeCo were deposited by RF and dc sputtering from SiO 2 and TbFeCo composite targets, respectively. The TbFeCo composite target was formed by putting small pieces of Tb on a TbFeCo target. The base pressure is 3×10 −5 Pa and the Ar pressure 0.8 Pa during deposition. The deposition rate of TbFeCo was 0.24 nm s −1 . The content of SiO 2 in TbFeCoSiO 2 granular films was controlled by modifying the sputtering power of the SiO 2 target while that of the TbFeCo target is fixed. The film microstructure was characterized by x-ray diffraction (XRD) and JEM-2010 high resolution transmission electron microscopy (TEM). The composition of samples was analysed by atomic absorption spectroscopy(AAS)/ICP. A magnetic force microscope (MFM) of Solver P47-PRO was employed to probe the domain pattern at the as-prepared state under zero external magnetic field. With a vector vibrating sample magnetometer (VVSM) of model 7407 from Lakeshore company, m x (parallel to H ) and m y (perpendicular to H ) were recorded simultaneously. In this system, the m x pick-up coil and the electromagnet are stationary in the laboratory reference with the same common axis, termed as the (magnetic) field axis. The m x versus H curve corresponds to the conventional hysteresis loop. For the out-of-plane configuration, m x and m y are, respectively, perpendicular and parallel to the film plane, and vice versa for the in-plane configuration. Magnetoresistance (MR) curves were measured by a standard four-point-probe with the external magnetic field perpendicular to the film plane. All measurements were carried out at room temperature.
Results and discussion
In experiments, we found that the magnetic properties of TbFeCo-SiO 2 films strongly depend on the content of SiO 2 . For a specific film thickness, such as 75 nm, the out-of-plane hysteresis loop is slanted with a minor contribution of in-plane anisotropy when the SiO 2 content is as low as 3 vol%. As the content of SiO 2 is 10 vol%, the out-of-plane hysteresis loops become squared and the out-of-plane H C is increased. Since the deposition rate of SiO 2 is much smaller than that of TbFeCo, it is hard to fabricate films with high SiO 2 content. In this work, we focus on samples of TbFeCo and TbFeCo-SiO 2 films with 12 vol% SiO 2 .
Figures 1 and 2 show hysteresis loops and PMA of the TbFeCo and TbFeCo-SiO 2 films as a function of the film thickness, respectively. Here, the PMA constant K U is estimated by the relationship of K U = H K × M S /2, where H K and M S are the uniaxial anisotropic field and the saturation magnetization, respectively. H K is approximately equal to the saturation field along the film plane. For the 25 nm thick TbFeCo-SiO 2 film, both the PMA and the out-of-plane H C are small. For a large thickness such as 75 nm, the PMA is increased and the out-of-plane H C is as large as 5.7 kOe while the remanent ratio is close to one. As the film thickness is further increased, the PMA is decreased and the out-of-plane hysteresis loop becomes slanted with reduced H C . For the TbFeCo films, the PMA, the out-of-plane H C and the shape of hysteresis loops all have similar variation trends to those of TbFeCo-SiO 2 films with the film thickness [8] . However, the TbFeCo-SiO 2 films acquire the maximal coercivity at a smaller film thickness, compared with the TbFeCo films. A higher storage density can be expected in the TbFeCoSiO 2 films. This is because the width of the transition area between neighbouring bits decreases with a decrease in the film thickness.
For the 75 nm TbFeCo and TbFeCo-SiO 2 films, hysteresis loops were measured at various orientations of the external magnetic field with respect to the film normal direction. Figure 3 shows the angular dependence of H C for the TbFeCo and TbFeCo-SiO 2 films. Two series of samples have a similar angular dependence of H C although its magnitude is different from each other. Apparently, the angular dependence does not agree with those of Stoner-Wohlfarth (SW) and domain wall motion (DWM) modes [9, 10] . For the DWM model,
. The variation of the coercivity with θ H is analysed as follows. First, the magnetization reversal process in these two samples cannot be described by the coherent rotation model, that is to say, near the coercive field, multidomain structure occurs, as manifested by the antisymmetric MR curve in figures 4(a) and (b). One can find that near the coercive field, the MR peak occurs, indicating that during the magnetization reversal process the films are in the multidomain state. With the magnetization up and magnetization down in neighbouring domains, the Hall voltage has opposite signs in neighbouring domains, leading to the redistribution of the electric field as well as the MR peak [12] . The peak height is strongly related to the density of domains per unit area. Secondly, as shown in figure 4 , with θ H = 0, the magnetic moment parallel to the film plane is equal to zero at the coercive field, indicating that there is no domain rotation during the magnetization reversal process. Furthermore, the angular dependence can be described by the modified Kondorsky model [13] . At small θ H , the pinning field is smaller than the uniaxial anisotropy field and thus the DWM plays a determinant role in the magnetization reversal process.
With θ H = 0, reversible domain rotation may happen, leading to the modified Kondorsky model [14] . At large θ H , the pinning field is increased sharply because H P (θ H ) = H P (0)/ cos θ H . Accordingly, the uniaxial anisotropic field is much smaller than the pinning field and thus the domain rotation plays a determinant role. For both TbFeCo and TbFeCo-SiO 2 films, the critical angle is located at 50
• and the ratio of the pinning field and the uniaxial anisotropy field is close to each other. Therefore, the values of the two physical quantities are enhanced in TbFeCo-SiO 2 films. Finally, the magnetization reversal process may also involve nucleation and growth due to defects [15] . Figure 5 shows the MFM images of the 75 nm thick TbFeCo and TbFeCo-SiO 2 films at zero magnetic field. Both films show a maze domain structure. For the TbFeCo-SiO 2 films, the areal density of domains is higher, compared with the TbFeCo films. As is well known, the domain size is determined by a competition between the domain wall energy (proportional to K u L/D) and the demagnetizing energy (proportional to M 2 S D) and the domain width at equilibrium is proportional to √ LK u /M S [16] [17] [18] , where L is the film thickness, D is the domain width and K u is the intrinsic perpendicular anisotropy. Since the domain size increases as the PMA is increased, the difference in the domain size between the TbFeCo and TbFeCo-SiO 2 films cannot be explained well if only the PMA energy and the demagnetization energy are considered. Other ingredients should be considered. First, when the additive of SiO 2 can reduce the exchange interaction in the TbFeCo grains, the domain size is expected to decrease because it decreases with decreasing exchange interaction [19] . Secondly, the expansion of domains in the TbFeCo-SiO 2 films is suppressed as SiO 2 clusters act as nucleation sites. In the above discussion, we assume that the magnetization in each domain is aligned along the film normal direction, which can be proved by the results in figures 4(c) and (d). With the sweeping external magnetic field, M y is almost equal to zero, that is to say, there is no magnetization component along the film plane. Therefore, it is reasonable to believe that at the as-prepared state, the magnetization is perpendicular to the film plane.
It is significant to analyse the difference in the structural properties between the 75 nm thick TbFeCo and TbFeCoSiO 2 . In the XRD spectra, these films do not show any apparent diffraction peak, as shown in figures 6(a)-(d) . Obviously, the TbFeCo and TbFeCo-SiO 2 films are amorphous or consist of nanocrystallites. In order to further analyse the microstructure, high resolution TEM measurements were measured. Two different features can be found. First, although nanocrystallites exist in both series of samples, the TbFeCo-SiO 2 films have a higher density of nanocrystallite than that of the TbFeCo films, as shown in figures 7(a) and (b). The grain size is in the region of 5-10 nm. Secondly, the electron diffraction pattern (EDP) further shows that in TbFeCo-SiO 2 films, crystallites have preferred orientations whereas those of TbFeCo films are more randomly orientated. Apparently, the higher the degree of the TbFeCo crystallization and the preferred orientation, the stronger the PMA. In order to further prove the above analysis, TEM images 90 nm thick TbFeCo and TbFeCo-SiO 2 films. As shown in figures 7(c) and (d), TbFeCo grains in the TbFeCo films have stronger preferred orientations, compared with those of the TbFeCo-SiO 2 films. It is noted that at 90 nm thickness, the PMA in the TbFeCo film is stronger than that of the TbFeCo-SiO 2 film. Therefore, for either the TbFeCo or the TbFeCo-SiO 2 films, the samples with the larger out-of-plane coercivity have stronger preferred orientation. The PMA has two physical mechanisms, including the single ion and atomic pair models [20] . Hellman and Gyorgy proposed a theoretical model [21] , in which the macroscopic magnetic anisotropy presupposes a structural anisotropy at least on an atomic level or on a nanometre scale. Accordingly, TbFeCo grains with a preferred orientation result in anisotropic alignment of Tb-Fe pairs. With the single ion model, for amorphous films or consisting of randomly orientated nanocrystallites, the contributions to the magnetic anisotropy from individual Tb atoms due to the single ion model are cancelled leading to the disappearance of the macroscopic PMA. In a word, the appropriate degree of the preferred orientation is essential to the establishment of PMA in TbFeCo films. From the above results, one can know that the microstructure and magnetic properties depend on both the film thickness and the addition of SiO 2 . With the doping of SiO 2 , the energy barrier of the nucleation may be modified due to the decrease in the interface energy between SiO 2 and nanocrystallites [22] , and thus the nucleation and growth of crystallization is stimulated. Finally, it should be noted that there appears to be some 2-phase behaviour in the SiO 2 containing samples, particularly in the 75 nm sample (figure 1). It is unclear whether there is a second phase in the other TbFeCo and TbFeCo-SiO 2 films.
Conclusions
In summary, for both TbFeCo and TbFeCo-SiO 2 films, the outof-plane H C and the PMA initially increase to reach maximal values with an increase in the film thickness and then decrease. At the film thickness of less than 75 nm, the PMA and H C in TbFeCo-SiO 2 films are larger than those of TbFeCo films, and vice versa for the film thickness greater than 75 nm. For either TbFeCo and TbFeCo-SiO 2 films with the same film thickness, the large PMA and H C are raised by the high degree of the crystallization and preferred orientation of TbFeCo grains. For both TbFeCo and TbFeCo-SiO 2 films, the magnetization reversal process is accompanied by the Kondorsky model and may also involve weak pinning of DWM. This work will shed light on the explanations of the PMA in TbFeCo films.
